Previous studies have demonstrated that the deleterious effect of diabetes mellitus (DM) on the risk of cardiovascular disease also occurs in premenopausal women, in spite of their relatively high estrogen levels; however, the underlying mechanism remains unclear. The present study aimed to investigate the sex-related differences in circulating endothelial progenitor cells (EPCs) in a relatively young population with type 2 DM (T2DM) and its underlying mechanism. The number and functional activity of circulating EPCs, and vascular endothelial function assessed using flow-mediated dilation (FMD), were compared in premenopausal women and age-matched men with or without T2DM. Nitric oxide (NO) in the plasma or NO secreted by EPCs was also measured. The number and activity of circulating EPCs, and NO levels in the plasma or culture medium, were lower in premenopausal women with T2DM compared with those without T2DM. In addition, the number and activity of circulating EPCs and NO levels were decreased in men with T2DM compared with in age-matched premenopausal women with T2DM. FMD was positively correlated with the number and activity of circulating EPCs, and NO levels. In conclusion, DM in premenopausal women may significantly impair the repair capability of EPCs and lead to endothelial dysfunction, which may be associated with reduced NO production. In patients with both DM and normal glucose tolerance, sex-related differences of EPCs are presented in a young population.
Introduction
In the last decade, China has experienced a substantial increase in the prevalence of type 2 diabetes mellitus (T2DM) (1) , which is characterized by high morbidity and mortality, due to concomitant cardiovascular complications. It has previously been revealed that the increased cardiovascular risk in patients with DM is partly attributed to the occurrence of endothelial injury, which triggers and accelerates the pathogenesis of atherosclerotic vascular disease (2) . In patients and animals with DM, preventing endothelial dysfunction helps maintain vascular homeostasis and diminishes the occurrence of DM-associated vascular events (3) (4) (5) .
Circulating endothelial progenitor cells (EPCs), which are derived from the bone marrow, serve a crucial role in promoting neovascularization, repairing endothelial damage and improving endothelial function (6) . Numerous risk factors of cardiovascular disease (CVD), including hypertension, obesity, dyslipidemia and smoking, are usually concomitant with a decreased number and activity of circulating EPCs, which may accelerate the pathophysiological process of endothelial injury (7) (8) (9) (10) . However, hyperglycemia appears to be negatively correlated with circulating EPCs compared with the aforementioned CVD factors. The reduced number and impaired activity of circulating EPCs can be observed in patients with T1DM (11) and T2DM (12) . Furthermore, reduced levels of circulating EPCs are correlated not only with glycemic control (13) , but also with severity of impaired glucose tolerance in subjects with or without T2DM (14) . Although the underlying mechanism is yet to be fully determined, numerous pathophysiological mechanisms, including inflammation induced by hyperglycemia, insulin resistance, oxidative stress and deletion of nitric oxide (NO), could be involved in these EPC alterations in patients with DM (12, (15) (16) (17) .
Patients with T2DM have a two-to four-fold increased risk of CVD (18) . In addition, the deleterious effects of DM on CVD risk also occur in premenopausal women, in spite of their relatively high estrogen levels (19) . Our previous studies indicated that, although the number and activity of circulating EPCs is preserved in prehypertensive premenopausal women compared with in those without prehypertension (20) , DM concomitantly diminishes their EPC advantages in terms of vascular protection, thus resulting in a reduced number and impaired activity of EPCs, and even damaged endothelial function (21) . However, the following issues require further investigation: i) Whether attenuated endothelial function generally occurs in all premenopausal women with T2DM and ii) whether the difference in circulating EPCs between the sexes is influenced by the coexistence of DM. Certain factors resulting from plasma or cultured medium, including NO, vascular endothelial growth factor (VEGF) and granulocyte macrophage-colony-stimulating factor (GM-CSF), are involved in modulating the number and activity of circulating EPCs (22) (23) (24) (25) ; however, only NO is involved in modulating the sex-related differences in circulating EPCs in a prehypertensive population (20) . The present study aimed to determine whether similar results may be present in the DM population. The present study evaluated the number and activity of circulating EPCs in women and men with DM and normal glucose tolerance (NGT); in addition, NO, VEGF, and GM-CSF levels in the human plasma, as well as in cultured EPC media, were measured to identify the possible underlying mechanisms.
Materials and methods

Characteristics of subjects.
A total of 40 premenopausal women (20 with NGT and 20 with T2DM) and 40 age-matched men (20 with NGT and 20 with T2DM; aged 36-51 years old), were recruited to the present study between July 2015 and May 2017 in the First Hospital of Chenzhou and Xiangya Hospital, Central South University (Changsha, China). The enrolled patients with NGT were diagnosed with a fasting plasma glucose (FPG) of ≤5.6 mmol/l and 2-h plasma glucose (2-h PG) following oral glucose challenge of ≤7.8 mmol/l; those with T2DM were diagnosed with a FPG of ≥7.0 mmol/l and/or 2-h PG of ≥11.1 mmol/l and/or glycated hemoglobin (HbA1c) of ≥6.5% based on the Experts Committee Reports of the American Diabetes Association (26) . NGT subjects had no vascular risk factors, including obesity, hypertension, smoking and dyslipidemia. All subjects had no malignant disease, infection, inflammatory disorders, known CVD, or ongoing medical treatments (including with antiplatelet, anti-inflammatory or hypolipidemic agents). Nursing or pregnant women were excluded from the present study. The present study was approved by the Ethics committee of the First Hospital of Chenzhou and Xiangya Hospital, Central South University, and written informed consent was obtained from all participants.
Following an overnight fast for 8-12 h, 75 g glucose solution was administered orally within 5 min. Blood samples (5 ml) were collected prior to, and at 30 and 120 min post-challenge, and plasma glucose was measured.
FPG, HbA1c, total cholesterol (TC), triglycerides (TG), low-and high-density lipoprotein (LDL and HDL) cholesterol and estrogen levels were measured. Peripheral blood samples were collected to determine the number and activity of EPCs.
Flow cytometry and cell culture assay to assess the number of circulating EPCs. The primary circulating EPCs were applied to the following analysis. EPCs were assessed based on the described methods in our previous studies (22, 27, 28) . The peripheral blood mononuclear cells of the participants were isolated using Ficoll density gradient centrifugation, then suspended in endothelial cell growth medium 2 (500 ml; Lonza Group, Ltd., Basel, Switzerland) supplemented with 2% fetal bovine serum (Sigma-Aldrich; Merck KGaA). The cell suspension (2.5x10 6 /ml) was added to cell culture flasks (25 cm 2 ; Corning, Inc., Corning, NY, USA), coated with fibronectin (Clonetics Co., San Diego, CA, USA) and incubated at 37˚C in a humidified environment containing 5% CO 2 . After 4 days, nonadherent cells were removed and adherent cells were maintained for another 7 days; these cells were used for subsequent experiments.
Following 7 days of culture, endothelial marker proteins were examined by flow cytometry (29) . Peripheral blood (100 µl) was incubated for 40 min at 4˚C with phycoerythrin (PE)-labeled monoclonal mouse anti-human antibodies recognizing cluster of differentiation (CD)31 (1:10; cat. no. 745290; BD Biosciences, San Jose, CA, USA), von Willebrand factor (1:10; cat. no. 555849; BD Biosciences) and kinase-insert domain receptor (KDR; 1:20; cat. no. FHK309-025; 4A Biotech, Co., Ltd., Beijing, China) or corresponding immunoglobulin G isotype control (1:10; cat. no. FMCK001K-025IU; 4A Biotech, Co., Ltd.). Following this, erythrocytes were lysed, and the remaining cells were washed with PBS and fixed in 2% paraformaldehyde at 37˚C for 10 min prior to further analysis using a ACEA NovoCyte™ (ACEA Biosciences, San Diego, CA, USA). Cells were then incubated with monocytic lineage marker CD14 (1:10; cat. no. 555397; BD Biosciences), fluorescein isothiocyanate (FITC) anti-human CD45 (1:10; cat. no. FHF045-025; 4A Biotech, Co., Ltd.) and PE-Cy7 anti-human CD34 (1:10; cat. no. FHN034-025; 4A Biotech, Co., Ltd.) antibodies for 40 min at 4˚C. NovoExpress soft-ware™ (ACEA Biosciences, San Diego, CA, USA) was used to analyze the results.
The ratio of CD34 + KDR + cells per 100 peripheral blood mononuclear cells was used to count the circulating EPCs. To confirm the EPC phenotype, mononuclear cells (2.5x10 6 /ml) were plated on cell culture flasks with EBM and after 7 days culture, the attached EC-like cells were incubated with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindo-carbocyanine perchlorate-labeled acetylated LDL (DiI-acLDL; Molecular Probes; Thermo Fisher Scientific, Inc.) at 37˚C for 1 h. The cells were then fixed with 4% paraformaldehyde for 30 min at 37˚C and incubated with FITC-labeled lectin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 4 h at 37˚C. After staining, the samples were observed by two independent observers under a phase-contrast fluorescence microscope (magnification, x200). Cells demonstrating double-positive fluorescence were identified as differentiating EPCs.
Migration and proliferation assay of EPCs. EPC migration and proliferation assays were described in our previous studies (22, 27, 28) . Similar methods were adopted in the present study.
Following harvesting by centrifugation (438 x g at 4˚C for 5 min), EPCs were suspended in 500 µl EBM and migration was then analyzed. A total of 2x10 4 EPCs were placed in the upper chamber of a modified Boyden chamber, which was placed in a 24-well culture dish containing EBM and human recombinant VEGF (50 ng/ml). Following incubation at 37˚C for 24 h, the lower side of the filter was washed with PBS and fixed with 2% paraformaldehyde at 37˚C for 10 min. For quantification, cell nuclei were stained with DAPI. Cells migrating into the lower chamber were counted manually in three random fields using a fluorescence microscope.
The proliferation of EPCs was analyzed as follows. After culturing for 7 days, EPCs were digested using 0.25% trypsin, and were cultured in serum-free medium in 96-well culture plates (200 µl/well) for 24 h. Subsequently, EPCs were supplemented with 10 µl MTT (5 g/l; Fluka; Honeywell International, Inc., Shanghai, China) and incubated for a further 4 h. The supernatant was discarded by aspiration and the EPC preparation was agitated with 200 µl dimethyl sulfoxide for 10 min, prior to the measurement of optical density at 490 nm.
Measurement of NO, VEGF and GM-CSF levels in the plasma
and secreted by EPCs. Nitrite, the stable metabolite of NO, was measured in plasma using the Greiss method, as described in our previous studies (22, (27) (28) (29) . The results were presented as mmol NO x of NO 3 -/NO 2 per liter of medium. High-sensitivity ELISA assays (VEGF, cat. no. DVE00; GM-CSF, cat. no. DGM00; R&D Systems, Europe, Ltd., Abingdon, UK) were used to measure plasma levels (which were isolated from blood samples via centrifugation at 291 x g for 5 min at room temperature) of VEGF and GM-CSF in accordance with the manufacturer's protocol.
After transferring the cultured EPCs (2x10 5 /ml cells for the determination NO and VEGF levels, and 1x10 5 /ml cells for the determination of GM-CSF levels) to Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.)/20% fetal bovine serum (Sigma-Aldrich; Merck KGaA) for 48 h, NO, VEGF and GM-CSF levels were measured in the conditioned media, using the Griess method and ELISA assays according to the aforementioned protocol.
Measurement of flow-mediated dilation (FMD). As previously described (30, 31) , higher solution ultrasonography using a 5-12 MHz linear transducer on an HDI 5,000 system (Philips Healthcare, Andover, MA, USA) was used to measure the brachial artery FMD. Participants were placed in a supine position, a sphygmomanometer cuff was placed at the brachial artery on the upper-forearm (20-100 mm proximal to the antecubital fossa) and the pressure was increased to 250 mmHg for 5 min. FMD was calculated as the percentage increase in mean diastolic diameter following a reactive hyperemia of 55-65 sec, followed by deflation to the baseline. After a further 15 min, 400 µg sublingual glyceryltrinitrate was injected and the diastolic diameter was measured again after 5 min to determine endothelial-independent dilatation.
Statistical analysis. SPSS v11.0 (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses. Quantitative variables with normal distribution were presented as the means ± standard deviation. Two-factor analysis of variance followed by the Least Significant Difference post hoc test was used to compare the four groups to determine sex-related differences, and differences between individuals with DM and NGT. Correlation coefficients were analyzed using Pearson's correlation. P<0.05 was considered to indicate a statistically significant difference.
Results
Baseline characteristics. Age and body mass index were comparable in the four groups (Table I) . HbA1c, FPG and 2-h PG levels were significantly increased in premenopausal women and men with DM compared with in normoglycemic premenopausal women and men, respectively (P<0.05). Furthermore, women with NGT and DM had significantly higher estrogen levels than age-and glycemia-matched men (P<0.05). Although TC levels were increased in men with DM compared with in normoglycemic men, LDL and HDL cholesterol, TG, systolic blood pressure, diastolic blood pressure and high-sensitivity C-reactive protein levels were comparable between these groups.
Characterization of early EPCs. Prior to being cultured in EGM, the peripheral blood mononuclear cells suspended in the medium demonstrated a monocyte-like appearance. Following 7 days of culture, the peripheral blood mononuclear cells presented a typical 'spindle-shaped' appearance. Fluorescent immunocytochemistry was used to observe adherent cells that were stained for both DiI-acLDL and FITC-lectin ( Fig. 1 ).
Number and activity of circulating EPCs in the four groups.
As shown in Fig. 2A and B , the number of circulating EPCs among the four groups was evaluated using flow cytometric analysis and cell culture assay. Premenopausal women and men with DM exhibited a significantly decreased number of EPCs compared with the corresponding NGT patients (P<0.05). The male population with and without DM had a significantly lower number of EPCs compared with in the glycemia-matched female population (P<0.05). The two methods exhibited a similar trend when comparing the number of EPCs among the four groups.
The results demonstrated that the migratory and proliferative activity of EPCs was significantly decreased in premenopausal women and men with DM compared with in normoglycemic premenopausal women and men (P<0.05; Fig. 3A and B ). Furthermore, migratory and proliferative activity of EPCs was significantly lower in the male population with NGT or T2DM compared with in women with NGT and DM (P<0.05).
FMD, plasma NO, VEGF and GM-CSF levels in the four groups. Differences between the sexes with regards to FMD and plasma NO levels were detected, indicating that premenopausal women with NGT and DM exhibited significantly higher FMD and plasma NO levels compared with in the age-and glycemia-matched men (P<0.05; Table I and Fig. 4A ). However, the plasma NO levels in premenopausal women with DM were significantly decreased compared with in the NGT group, which was similar to the difference between men with NGT and DM (P<0.05). Plasma VEGF and GM-CSF levels exhibited no significant differences between the groups (P>0.05; Fig. 4B and C) .
NO, VEGF and GM-CSF secretion by EPCs in the four groups. The difference in NO secretion based on cultured EPCs between the NGT and DM groups was in line with that of plasma NO levels; NO secretion was significantly reduced in patients with T2DM compared with in the NGT group, and significantly reduced in the male population when compared with the female population (P<0.05; Fig. 5A ). However, the secretion of VEGF and GM-CSF from cultured EPCs was comparable among all of the groups (P>0.05; Fig. 5B and C) .
Correlation between FMD and circulating EPCs. A significant positive correlation was detected between the number of circulating EPCs, as evaluated by flow cytometry (r=0.49, P<0.05) and cell culture (r= 0.56, P<0.05), and FMD ( Fig. 6A and B) . Similarly, the migratory and proliferative activity of EPCs was significantly positively correlated with FMD (r= 0.64, P<0.05 and r=0.57, P<0.05, respectively; Fig. 6C and D) .
Correlation between FMD and NO levels in the plasma and secreted by EPCs. In addition, the correlations between FMD and plasma NO levels, and between FMD and NO secretion by
EPCs were analyzed. Both plasma NO levels and NO secretion by EPCs were significantly positively correlated with FMD (r=0.68, P<0.05 and r=0.51, P<0.05; Fig. 6E and F) .
Discussion
The present study demonstrated that the number and activity of circulating EPCs were lower, and endothelial function was impaired in premenopausal women with T2DM compared with in women with NGT, which was at least partly attributable to decreases in NO production. It was therefore hypothesized that attenuated endothelial function, which may be induced by impaired circulating EPCs, may be associated with an increased CVD risk, to a certain extent, in patients with DM. Differences between the sexes in the number and activity of EPCs were also observed both in the population with and without T2DM.
In the present study, DM was reported to impair the capability of endothelial cells to repair and it was suggested that it may lead to endothelial dysfunction in premenopausal women with DM, which was at least partly attributable to impaired NO production. These results provided novel evidence on the important role of endothelial protective interventions in premenopausal women with DM.
DM is widely regarded as an important risk factor for CVD pathogenesis, and contributes to cardiovascular morbidity and mortality (18) . Even in premenopausal women with DM, cardiovascular risk is increased compared with in age-matched women without DM, thus suggesting that DM may increase the CVD risk in young premenopausal women due to certain underlying mechanisms (19) . Previously, numerous studies indicated that the number and functional ability of circulating EPCs were reduced and weakened, due to the effects of impaired endothelial repair capacity during DM development or DM-associated vascular dysfunction (11, 13, 14, (31) (32) (33) . The subjects in these studies were either patients with type 2 DM and a mean age of >50 years old (13, 14) or patients with type 1 DM and a mean age of <30 years old (31) , as age has been reported to possibly influence the number of circulating EPCs (34) . In prehypertensive premenopausal women, hyperglycemia weakens the preservation of the number and functional activity of EPCs and damages endothelial diastolic function (21) . However, whether the impaired endothelial repair capability resulting from T2DM is present in the general premenopausal female population remains unclear. The present study detected a reduced number of circulating EPCs with impaired activity in premenopausal women with T2DM, but not in women without T2DM. FMD, an index used to assess endothelial function, was also decreased in these women, which was positively associated with the number and activity of EPCs. Therefore, it was hypothesized that the high CVD risk in premenopausal women with DM may at least partly result from suppressed endothelial repair capability; this finding differed from the results of our previous study, which indicated that prehypertensive premenopausal women possessed preserved endothelial repair capabilities (20) . When compared with prehypertension, DM Figure 5 . NO, VEGF and GM-CSF secretion by EPCs in the four groups. (A) NO secretion by EPCs in men with NGT and DM was decreased compared with in premenopausal women with NGT and DM (P= 0.001 and P<0.0001, respectively). NO secretion by EPCs in women and men with DM was decreased compared with in women and men with NGT (both P<0.0001). (B) There was no significant difference in VEGF secretion by EPCs between the four groups. (C) There was no significant difference in GM-CSF secretion by EPCs between the four groups. Data are presented as the means ± standard deviation. * P<0.05 vs. NGT; # P<0.05 vs. premenopausal women. DM, diabetes mellitus; EPCs, endothelial progenitor cells; GM-CSF, granulocyte macrophage colony stimulating factor; NGT, normal glucose tolerance; NO, nitric oxide; VEGF, vascular endothelial growth factor. (A) Plasma NO levels in men with NGT and DM were decreased compared with those in premenopausal women with NGT and DM (P= 0.003 and P= 0.002, respectively). Plasma NO levels in women and men with DM were decreased compared with in women and men with NGT (both P<0.0001). (B) There was no significant difference in plasma VEGF levels between the four groups. (C) There was no significant difference in plasma GM-CSF levels between the four groups. Data are presented as the means ± standard deviation. * P<0.05 vs. NGT; # P<0.05 vs. premenopausal women. DM, diabetes mellitus; GM-CSF, granulocyte macrophage-colony stimulating factor; NGT, normal glucose tolerance; NOx, nitric oxide; VEGF, vascular endothelial growth factor. hyperglycemia may have a more severe effect on endothelial repair capability and even on endothelial diastolic function. Therefore, intensive endothelial protective actions should be adopted in premenopausal women with DM.
In the male population of the present study, DM reduced the number, as well as the functional activity of circulating EPCs, which was consistent with the results in premenopausal women. Furthermore, sex-related differences in the number and activity of circulating EPCs were consistent in patients with and without DM, thus suggesting that the DM male population may be at risk for CVD due to dual impairment (low estrogen levels and DM) in their endothelial repair capability.
Although reductions in the number and functional activity of EPCs were observed, the mechanism underlying impairment or insufficient endothelial repair capability in patients with DM, and in the overall male population, remains unclear. NO, VEGF and GM-CSF are regarded as key factors in modulating the number and function of EPCs (22) (23) (24) (25) . In a previous study, it was revealed that NO bioavailability decreases in patients with DM due to impaired endothelial nitric oxide synthase (eNOS) activity, resulting from hyperglycemia (34) . However, it remains to be determined as to whether reductions in the number and functional activity of circulating EPCs in premenopausal women with DM are correlated with alterations in NO, VEGF and GM-CSF. To investigate this, the plasma levels of NO, VEGF and GM-CSF were evaluated. Plasma NO levels were decreased in patients with DM, and differed between male and female populations. In addition, NO levels were positively correlated with FMD; these findings indicated that reduced systemic production of NO may lead to endothelial dysfunction in premenopausal women with DM and in male populations. Alterations in plasma VEGF and GM-CSF levels were not significant, indicating that these factors may not be associated with impaired endothelial repair capacity in patients with DM.
According to the results of the present study, in addition to plasma NO levels, reduced endogenous NO biosynthesis may contribute to the decreased number and activity of EPCs and endothelial diastolic dysfunction, both in premenopausal women with DM and in the overall male population. Endogenous NO biosynthesis serves a crucial role in maintaining the functional activity of EPCs (35) . Chen et al (34) demonstrated that high glucose levels decreased eNOS, FoxO1 and Akt phosphorylation levels as well as levels of bioavailable NO in both early and late EPCs. The present study observed that, consistent with the alterations in plasma NO levels, NO production was reduced in premenopausal women with DM and in the overall male population compared with in premenopausal women with NGT and in the female population, respectively. Furthermore, NO production by EPCs and FMD were positively correlated. Therefore, these results suggested that efforts to enhance endogenous NO biosynthesis may be beneficial in preventing endothelial dysfunction.
Several mechanisms, which are involved in hyperglycemia, are associated with NO production by either vascular endothelium or EPCs. Advanced glycation end products have been reported to reduce NO production and eNOS expression (36) , and hyperglycemia-activated protein kinase C increases eNOS gene expression and triggers eNOS uncoupling, thus leading to decreased bioavailability of NO (37) . Hyperglycemia may also impair eNOS serine phosphorylation, leading to decreased EPC-derived NO production (34) . NO is regarded as a crucial component in promoting mobilization, proliferation and migration of circulating EPCs, which promotes the number and activity of circulating EPCs (35) . Therefore, it was inferred that DM-induced decreased NO production, either by the vascular endothelium or EPCs, may serve a role in hyperglycemia-impaired endothelial repair capability in the young population.
The present study provided several important guidelines for research regarding DM-induced vascular disease. Firstly, the results revealed that since premenopausal women with DM had impaired endothelial repair capability compared with women with NGT, and thus the corresponding intervention should be considered in a timely fashion. Since NO production may contribute to endothelial dysfunction, appropriate therapies, including statin usage, exercise and certain anti-hyperglycemic agents that increase NO production, should be considered in a clinical setting. Secondly, sex-related differences in circulating EPCs existed in the DM population, thus suggesting that men with DM may have difficulties in maintaining normal endothelial function; therefore, strict interventions to improve endothelial repair capacity should be implemented immediately. In addition, the mechanism underlying the differences between the sexes with regards to circulating EPCs remains to be clarified, particularly with regards to the role of estrogen in modulating the number and activity of circulating EPCs in a relatively young population. Another limitation associated the present study was that it was only conducted using data from Chinese subjects; therefore, these findings need to be confirmed in other populations.
In conclusion, the present study demonstrated that the number and activity of circulating EPCs in premenopausal women with DM were significantly lower compared with in women without DM, which was possibly associated with reduced NO production. Impaired endothelial repair capability in premenopausal women with DM may be an important mechanism underlying the increased relative risk of CVD. Furthermore, since sex-related differences were detected in circulating EPCs in the DM population, vascular protection should be carefully considered in men with DM.
